Dichlorodiphenyltrichloroethane (DDT) is a well-known organochlorine pesticide that has been widely used for vector control and agriculture. However, due to its toxicity and environmental persistency, the use of DDT was banned in many countries since the 1970s. Furthermore, DDT is regulated under the Stockholm convention and thus its use is banned on a global scale with the exception of some countries in which malaria and other vector borne diseases are still a public health concern (UNEP, <https://www.unenvironment.org/>). In animals and the environment, DDT is metabolized into DDE (1,1,-dichloro-2,2-bis (*p*-chlorophenyl)-ethylene) and DDD (1,1,-dichloro-2,2-bis (*p*-chlorophenyl)-ethane). All these metabolites are biologically active and accumulate in animals and the environment. Due to its toxicity, its use is restricted for indoor residual spraying (IRS). However, inhabitants of the sprayed houses are increasingly exposed to DDT and its metabolites (DDTs). In humans, the half-life values of *p,p′*-DDT and *p,p′*-DDE are estimated to be 6 years and approximately 10 years, respectively \[[@r3]\]. The concentrations of *p,p′*-DDT and *p,p′*-DDE in the sera of mothers living in houses sprayed with DDT were approximately 5 to 7 times higher than the ones found in women that lived in a house never sprayed with DDT \[[@r4]\]. Epidemiological studies derived from the Venda Health Examination of Mothers, Babies and their Environment (VHEMBE) cohort reported several deleterious health effects on women and their children from IRS areas in South Africa due to exposure to DDTs \[[@r2], [@r5], [@r6]\]. In this sense, the use of sentinels that are exposed to the same contaminants as humans is a suitable alternative. In rural regions of South Africa, rodents such as rats roam and feed around homesteads, therefore these animals can be considered as indicators of human exposure to DDTs.

In a previous study, DDT and its metabolites were detected in the liver of rats which were collected in South Africa and the total concentrations of DDTs range from 127 to 7,334 *µ*g/kg wet weight \[[@r11]\]. Since DDT is used almost every year for malaria control as IRS, the current study aimed to monitor DDT exposure in the Phongolo River floodplain, South Africa ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Map of the sampling area in KwaZulu-Natal, South Africa. Maps were obtained from Google Earth.), and compare the exposure of DDTs with previous study. Additionally, this study evaluated the influence of sex and age on the accumulation of DDT and its metabolites.

In the current study, 37 house rats were collected using baits by setting cage traps inside houses in communities around the Phongolo River floodplain in February 2017. Animal ethics were upheld according to the recommendations of the Hokkaido University Manual for Implementing Animal Experimentation for animal welfare. Captured rats were collected every morning and transported to the field laboratory. Rats were euthanized and necropsied. Liver samples were collected from each rat and frozen in liquid nitrogen and kept at −20°C. The eyes were collected and preserved in 10% formalin for age determination.

Species identification was conducted by nucleotide sequence analysis of *cytochrome b* (*cyt-b*) gene from synthesized cDNA. RNA was extracted from the liver samples using TRI reagent (Sigma-Aldrich, St. Louis, MO, U.S.A.) and Nucleospin RNA kit (Macherey-Nagel, Düren, Germany). Next, the extracted RNA was reverse-transcribed to cDNA using ReverTra Ace qPCR RT Kit according to the manufacturer's specifications (TOYOBO, Osaka, Japan). *Cyt-b* gene was amplified using forward and reverse primers (5′-CCATGAGGACANATATCNTT-3′, 5′-GGGTGTTCTACTGGTTGGCC-3′), respectively. The amplified products were purified by QIAquick^®^ PCR Purification kit (Qiagen, Hilden, Germany), and DNA sequence analysis was conducted by FASMAC Industrial Inc. (Atsugi, Japan). Basic Local Alignment Search Tool (BLAST) (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>) and Molecular Evolutionary Genetics Analysis software (MEGA) (<https://www.megasoftware.net/>) were used for the identification of the species from the sequence data.

All rats collected in the current study were *Rattus tanezumi*. The bibliometric data for the wild rodents is summarized in the [supplementary data](#pdf_001){ref-type="supplementary-material"}.

The eye lens was retrieved from formalin preserved samples and dried for 48 hr at 50°C and weighed to estimate the age according to the protocol developed by Tanikawa \[[@r8]\]. This protocol was developed for *Rattus rattus* aged between 20 to 1,121 days.

The age of the rats was calculated by Eq.1 and Eq. 2:

*Males*: Log *Y*=1.00 + 0.023 *X* (Eq. 1),

*Females*: Log *Y*=1.05 + 0.023 *X* (Eq. 2),

where, *Y* is the age (days) and *X* is the weight of lenses in mg.

The age of *R. tanezumi* estimated using eye lens weight ranged from 24 to 289 days in the current study.

The majority of the rats were older than 8 weeks, i.e., sexually mature (62.2%), and only 18.9% were juveniles (younger than 5 weeks). The remaining rats (18.9%) were aged between 5 and 7 weeks. Generally, rats become sexually mature at about the sixth week; however, the exact period of maturity for this species and for this habitat is unknown, and therefore, these animals were included in the transition zone category. There were more female rats (n=27) than male rats (n=10).

The determination of DDTs in liver samples was performed as described by Yohannes *et al*. \[[@r11]\] with slight modifications. Approximately 500 mg of liver sample was homogenized with anhydrous sodium sulfate, spiked with an internal standard (PCB 77) and extracted with hexane/acetone (3:1, v/v) in a Soxtherm apparatus (S306AK Automatic Extractor, Gerhardt, Germany). The extracts were rotary evaporated to 2 m*l* and passed through a 5 g activated florisil column, eluted with hexane/dichloromethane (7:3, v/v). The eluate was finally concentrated to near dryness under a gentle nitrogen gas flow and redissolved in 100 *µl* n-decane. DDTs were quantified with a Shimadzu gas chromatography equipped with a 63Ni *µ*--electron capture detector and an ENV-8MS capillary column (30 m × 0.25 mm × 0.25 *µ*m). Multilevel calibration curves were created for quantification, and linearity (r^2^\>0.995) was achieved. The concentrations of DDTs are shown in wet weight (ww). Quality control (QC) and quality assurance (QA) were performed based on analyses of procedural blanks, spiked blanks, and blind duplicate samples with a daily check of the calibration curves. The quality of analytical data was investigated by comparing the peak area values of the standard DDTs mixture and the internal standard.

The concentrations of DDTs in the rat livers are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Comparison of concentration of Dichlorodiphenyltrichloroethane (DDT) and its metabolites (in *n*g/g ww) detected in the liver of wild rats between this study and previous studiesSexN*p,p′* -DDE*p,p′* -DDD*p,p′* -DDT(*n*g/g ww)(*n*g/g ww)(*n*g/g ww)South Africa 2017Male10Range67−2,074ND−2,46115−1,389Median600301407Female27Range32−2,423ND−1,15218−1,452Median706300504Ethiopia 2014^a)^Male7Range206−1,666343−7,00549--413Median73775298Female14Range216−3,746365−5,26824−1,165Median9141249168South Africa 2014^a)^Male12Range67−4,42742−4,733ND−1,278Median39924651Female12Range14−2,29642−4,82824−1,165Median61088274a) Data extracted from Yohannes *et al.* (2017) \[[@r11]\].. Among the analysed compounds, *p,p′-*DDE was the most predominant and detected at the highest concentration (median 706 *n*g/g ww, range 32--2,423 *n*g*/*g ww in female rat livers) followed by *p,p′-*DDT. And the oldest rats had the highest mean ΣDDTs concentration; 1,961 *n*g/g ww ([Fig. 2D](#fig_002){ref-type="fig"}Fig. 2.Box plots depict levels of Dichlorodiphenyltrichloroethane (DDT) and its metabolites in the liver at each phase of sexual development (A: *p,p′*-DDE, B: *p,p′*-DDD, C: *p,p′*-DDT, D: ΣDDTs). No significant difference was seen between each phase at any level of DDTs (Steel-Dwass test, *P*\<0.05).). Overall, DDTs were detected in all rat livers and ranged from 59--5,237 *n*g*/*g ww.

No significant differences in DDTs concentrations (*n*g*/*g, ww) were observed between sexes and among phases of sexual development (immature, transition, and mature) ([Table 1](#tbl_001){ref-type="table"}, [Fig. 2](#fig_002){ref-type="fig"}).

DDE was the most predominant compound in all groups, except for the youngest group. In fact, these animals tended to have the lowest concentrations of *p,p′-*DDE compared with the other age groups ([Fig. 2A](#fig_002){ref-type="fig"}), but these differences were not significant. The Steel-Dwass test was used to evaluate the differences among the values in the multiple groups and Wilcoxon's test was used for performing a comparative analysis between the two groups. The *P*-value was set to 0.05 for detecting significant differences. The higher levels of DDTs in older animals could be attributed to their longer exposure time to DDTs from diet and environment. Comparing the ratio between DDT and the ΣDDTs revealed that the ratio of DDT was higher in females (33%) than in males (25%) and it was also higher in younger animals (43%) than the transition and matured groups (22 and 30%, respectively) ([Figs. 3](#fig_003){ref-type="fig"} and [4](#fig_004){ref-type="fig"}Fig. 3.Ratio of Dichlorodiphenyltrichloroethane (DDT) and its metabolites in male and female rats.Fig. 4.Ratio of Dichlorodiphenyltrichloroethane (DDT) and its metabolites in each development phase.). *p,p′-*DDT and *p,p′-*DDE were main compounds detected in rat livers. Previous reports from a nearby region in South Africa also detected these compounds in the liver of wild rodents; however, in that study conducted in 2014, *p,p′-*DDD was predominant and *p,p′*-DDT was much lower than the other compounds \[[@r11]\]. DDT disappears in a much shorter time period compared with DDE in the environment. In an Australian study, the half-life of DDE exceeded 15 years, even though that of DDT was only 3--4 years \[[@r7]\]. Monitoring of both DDT and its metabolites should elucidate a more accurate exposure level in the environment. The difference in the DDTs ratio seen in the current study might be a consequence of the periods after spraying, and the age difference among the rats. Nevertheless, the ranges of the concentrations of *p,p′-*DDE and sum of DDTs were similar between the current study and the previous study conducted in 2014 ([Table 1](#tbl_001){ref-type="table"}).

The contamination of terrestrial species by DDTs living in Phongolo region, our study area, has also been reported. High levels of DDT (36−14,398 *n*g/g ww) were detected in the livers of free ranging chickens \[[@r10]\] and in chicken eggs (5,200--48,000 *n*g*/*g ww DDTs) \[[@r9]\]. High concentrations of DDT in rat liver samples were also recorded in Ethiopia, where a similar study was conducted \[[@r11]\] in regions where DDT was being used for IRS for malaria vector control ([Table 1](#tbl_001){ref-type="table"}). In both regions, DDTs were reported in different fish species (0.3−81.49 mg/kg fat, 0.77−61.9 *n*g*/*g ww) in South Africa and Ethiopia, respectively \[[@r9]\]. This is indicative of DDT exposure and subsequent bioaccumulation in aquatic species, terrestrial species and food products from these malaria vector control IRS regions.

After the toxicity of DDTs was revealed, many countries banned or reduced the use of DDTs in pest control e.g. malaria vector control programmes. Even though the global use of DDTs is decreasing, DDTs accumulation in rat livers did not change in the three years between the current study and our previous report sampled in 2014 \[[@r11]\]. Additionally, the current study revealed possible DDT exposure in humans after IRS with DDT as high concentrations of DDTs were detected in the collected house rats. However, it is very difficult to withdraw DDTs for many African countries because of the high incidence of malaria and the consequent fatalities. For instance, malaria cases in South Africa markedly increased after the discontinuation of DDT \[[@r1]\]. Currently, World Health Organization (WHO) recommends regulated usage of DDT with some regulation including IRS for the control of malaria. Therefore, continuous monitoring campaigns should be performed to assess the toxic effect of DDTs on the environment as mosquitoes have shown resistance to other insecticides.
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